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We investigated the origin of strong magnetic anisotropy energy (MAE) in L10-type ordered FeNi phase
by angular-dependent magnetic circular dichroism. Our ﬁndings showed that the orbital magnetic
moment of Fe has a signiﬁcant angular dependence that exhibits a maximum value at the [001]
direction corresponding perpendicular to the plane. The calculated uniaxial anisotropy energy when
considering spin–orbit (SO) interaction shows quantitatively good agreement with the volume MAE.
We concluded that the orbital anisotropy in 3d Fe electrons results in the strong MAE in L10-FeNi and
ascribe this to the spin–orbit interaction via structural ordering.
& 2012 Elsevier B.V. Open access under CC BY-NC-ND license. 1. Introduction
Magnetic anisotropy energy (MAE) is a key property to
improve areal density in widespread applications. A number of
studies have been done on L10-type FePt and/or CoPt ferromagnet
for use as a magnetic recording medium or magnetoresistive
random access memory [1]. From the ecological viewpoint, a rare-
metal-free L10-ferromagnet composed of abundant Fe and Ni has
recently been attracting much attention [2].
Conventionally, L10-FeNi phase has been made up of a rare
ferromagnet derived from iron meteorite or produced by neutron
irradiation at high temperature [2–10]. However, the molecular
beam epitaxy (MBE) technique has recently opened a new
possibility for the synthetic fabrication of single crystalline L10-
FeNi ﬁlm [11]. The magnetic anisotropy energy of L10-FeNi is
shown as 1.3106 J/m3. It is entirely larger value compared to
common FeNi alloys [5–7], in which permalloy shows magnetic
anisotropy energy as 2.5104 J/m3 [12,13]. In other words, L10-
FeNi is characterized as a hard ferromagnet with strong aniso-
tropy despite the fact that common FeNi alloys are classiﬁed as a
soft magnet. However, the origin of the curiously strong MAE in
L10-FeNi has not been addressed thus far.oto, Sayo, Hyogo 679-5198,
i).
Y-NC-ND license. MAE has been commonly explained as extra anisotropy energy
caused by a symmetry break in the internal lattice [13–32].
L10-FeNi is described as an ordered alloy of Fe and Ni with a face-
centered tetragonal (fct) superstructure, in which Fe and Ni single
atomic layers are alternately laminated in the c-axis direction
(Fig. 1a) [8]. If we can align its uniaxial anisotropy parallel to the
c-axis, it would offer the possibility of perpendicular magnetization.
By nature, MAE commonly arises from spin–orbit interaction (SO),
which causes the presence of anisotropic orbital moment with
respect to the crystal axes, and it consequently leads to the alignment
of the spin moment with the orbital moment [14]. The resulting
anisotropy of the total magnetic moment is reﬂected in the depen-
dence of the total energy on the orientation of the magnetic moment.
Typical 3d transition metals such as Fe, Co and Ni have weak MAE
because the orbital magnetic moment is almost completely quenched
by crystal ﬁeld interactions. However, the situation in an ultra
thinﬁlm or multilayer is different from that of bulk. Due to symmetry
breakage, the enhanced anisotropic orbital moments can be predicted
in tight binding calculations [14,15] and conﬁrmed experimentally
[18–24]. In fundamental bilayer systems, MAE is reported to be
strongly enhanced at the interface due to spin–orbit interactions
[19,20,24]. The number of interfaces is the same as the number of
layers in an L10-type superstructure, which suggests that spin–orbit
interaction is a possible candidate to explain the strong MAE in
L10-FeNi [12].
In this study, we investigated the origin of strong MAE in L10-FeNi
from the viewpoint of electronic spin structure. The study was carried
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Fig. 1. (a) Lattice structure of L10-type FeNi superstructure. (b) Experimental
geometry of angular-dependent MCD measurement.
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connection with lattice structure. We then compared experimental
results with theoretical work.
We performed magnetic circular dichroism (MCD) to study the
mechanism of the magnetic moment in L10-FeNi [18–21]. The
sum rule was applied to deduce quantitative information from
MCD spectra. This rule enables us to obtain the spin and orbital
magnetic moments directly from the MCD intensity of the L3 and
L2 absorption edges, resulting in the element selective determina-
tion of magnetic moments in the solids. Although there is still
some argument as to the reliability of sum rules, it seems able to
extract a reasonable result for 3d transition metals. Angular-
dependent MCD enables us to evaluate the anisotropy of the
orbital moment that directly informs the contribution of the spin–
orbit interaction in MAE [19,22]. Bruno has previously demon-
strated a simple perturbation theory arguing that MAE due to
spin–orbit interaction is closely connected to the angular dis-
tribution of the orbital moment [14]. Measurements were per-
formed for both ordered and disordered FeNi to determine the
correlation with the lattice structure.2. Sample preparation
It has long been thought that the synthesis of L10-FeNi was not
realistic for electromagnetic applications because it could be
obtained from natural iron meteorites or by neutron irradiation
at high temperature [6,7]. Shima et al. recently succeeded in
preparing single crystalline L10-FeNi ﬁlms by alternating the
deposition of Fe and Ni using the MBE technique [11]. Its funda-
mental properties are currently being systematically examined to
improve MAE [35–40]. For example, the correlation between MAE
and lattice structure has been discussed by Mizuguchi et al.
[36–38]. Magnetic domain structure was evaluated by Kotsugi
et al. [39], and theoretical calculations were carried out [36,40].
Sakamaki et al. also prepared FeNi multilayer using electron
bombardment evaporation, but perpendicularly magnetized thick
Ni substrate was used and its contribution was not considered [41].
Here, we prepared the L10-FeNi multilayer with the repetition of
50 times on the non-magnetic substrate to examine true MAE of
ordered FeNi mulitilayer itself. In this study, we used a sample
with Ku¼4.8105 J/m3 for the MCD measurement.
MBE has a strong advantage in that it can control the deposi-
tion rate accurately, and the hetero-epitaxial growth is helpful in
fabricating the superstructure of L10-FeNi. The growth procedure
and its structure has been discussed in detail by Mizuguchi et al.
[35,36,39]. Here, we brieﬂy describe the sample preparation. A Fe/Ni
multilayer was fabricated on a Cu/Au/Fe/MgO substrate using an
ultra high vacuum deposition system with independent multiple
evaporators. A 1-nm Fe seed layer was deposited on a MgO(001)
substrate at 100 1C, then 20 nm of Au was deposited, and ﬁnally50 nm of Cu was deposited at 496.9 1C. These temperatures were
optimized for the preparation of atomically ﬂat substrates [35]. In
the next step, monoatomic layers of Fe and Ni were alternately
deposited on the top. This alternated deposition was repeated
50 times at 187.3 1C. The prepared surface is (001). The thickness
was controlled on the basis of values observed by a quartz
oscillator. The calibration of the oscillator was carefully controlled
by observing the oscillation in reﬂection high-energy electron
diffraction (RHEED) intensity before preparing the multi-
layer ﬁlms. The surface structure was monitored by RHEED
observation.
The lattice constant of L10-FeNi was evaluated as a¼3.65,
c¼3.59 A˚ using X-ray diffraction (XRD) of BL46XU at SPring-8.
The superlattice peak was clearly visible and its degree of order
was estimated to be 0.38 [36]. Magnetization curve measure-
ments using a superconducting quantum interface device (SQUID)
showed that the magnetic anisotropic energy Ku was 4.8 105
and 0.6 105 J/m3 for L10-FeNi and disorder FeNi, respectively.3. Experiment
The MCD measurement was performed at the L absorption
edge of Fe and Ni using BL25SU of SPring-8 [33,34]. The relation-
ship between magnetic moment and magnetic anisotropy was
studied by observing the dependence of MCD on the incident
angle of synchrotron radiation [18,19]. By deﬁning the polar angle
y as the angle between the synchrotron radiation and the [001]
direction of the sample, the y was varied from the out-of-plane
[001] direction to the in-plane [010] direction. An external
magnetic ﬁeld was applied to magnetize the specimen using an
electromagnet with a longitudinal geometry. The direction of the
external magnetic ﬁeld was essentially parallel to the incident
beam, which was ﬁxed at 101 due to the experimental apparatus.
The applied ﬁeld of 1.9 T was large enough to saturate the sample
magnetization. The MCD signal was collected using the total
electron yield method. We used the helicity reversal technique
with a kicker magnet to obtain accurate statistics from the MCD
spectra, in which the zero line is well below the order of 0.1% with
respect to the main peak. Experiment was performed at room
temperature. The magnitudes of the orbital magnetic moment
and spin magnetic moment were obtained by applying the sum
rule to MCD spectra [18]. Applied sum rule was typical analytical
procedures. We subtracted XAS spectra by arctangent step func-
tion, and we integrate the XAS and MCD spectra to derive orbital
and spin magnetic moments. We adopt 717 eV for the intermedi-
ate energy of L2,3 edge of Fe and 780 eV for the energy of post
edge of Fe, we also adopt 865 eV for the energy of L2,3 edge of Ni
and 920 eV for the energy of post edge of Ni in this paper.
To estimate error bars, we set the margin of 73 eV for the
intermediate energy of L2,3 edge and 75 eV for the post edge. The
hole numbers were adopted to be 3.39 and 1.5 for Fe and Ni,
respectively, from literature [18], and it is not included in the
error bars. Data acquisition error was about 0.1%. We estimated
error bars by substituting photon energy and considering its
margin. Typical error bar was about 12% for orbital magnetic
moment, and about 3% for spin magnetic moment.4. Results and discussion
The MCD experiment for Fe and Ni L edges was performed
while varying the incident angle from 10 to 801. The measure-
ment was repeated for L10- and disordered-FeNi. Fig. 2 shows
MCD spectra obtained from L10-FeNi with the incident angle of 01
as an example. The sign and shape of the MCD spectra is entirely
Fig. 2. MCD spectra observed for L10-FeNi with the incident angle of 01. Spectra were obtained for Fe L edge (a) and Ni L edge (b). These statistics are accurate enough to
use sum-rule analysis.
Fig. 3. Angular distribution of orbital moment and spin moment of Fe and Ni for L10- and disordered-FeNi analytically obtained by sum rule. A clear angular dependence is
exhibited in the orbital moment of Fe. The others show no clear angular distribution. The improvement in the Fe orbital moment results in an increased MAE through the
spin–orbit interaction.
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behavior is identical to common metallic Fe and Ni MCD spectra,
meaning sum-rule analysis might be applicable.
Fig. 3 shows the angular dependence of the orbital and spin
magnetic moments of Fe and Ni for L10- and the disordered-FeNi
alloy, which was analytically obtained from the MCD spectra
using the sum rule. The angular distribution in the Fe orbital
magnetic moment shows a clear and strong angular dependence
(Fig. 3a), but the Ni orbital magnetic moment displays an unclear
angular distribution (Fig. 3b). The spin magnetic moments of both
Fe and Ni show no angular dependence, as shown in Fig. 3c and d.
The orbital term of Fe had a maximum value near 01 of the polar
angle, which corresponded to the [001] direction. Such anisotro-
pic behavior in the Fe 3d orbital magnetic moment has a positive
correlation with the strong MAE in L10-FeNi enhancing to the [001]
direction. Strictly speaking, spin moment and effective spin
moment should be treated as distinct. Angular dependence of
magnetic dipole term Tz was discussed by the ﬁrst principle
calculation of Oguchi et al. [42]. They indicated that Tz shows
obvious angular distribution at the surface, but it rapidly decreases
at more than 3 ML. Our system (100 ML) or the penetration depth
of the photoelectron (about 5 nm) is much thicker than 3 ML.Therefore, the contribution of Tz at surface would be negligibly
small, and we here consider Tz is isotropic.
Bruno has predicted a close connection between the MAE and
the orbital moment from transition metal monolayers of Fe, Co
and Ni. The angular distribution in orbital moment can be
expressed by an ellipsoidal function as follows [14,20,24].
morb ¼m?orb cos2 yþmJorb sin2 y
and the uniaxial anisotropy of orbital moment is expressed as
Dmorb ¼m?orbmJorb
Perpendicular and parallel orbital components are derived
from the ﬁtting on the experimentally obtained orbital moment,
resulting in DmFeorb¼0.028 and DmNiorb¼0.005 for the orbital
moment of Fe and Ni in L10-FeNi, as shown in Table 1. Bruno has
shown in a simple perturbation theory based on tight binding
approximation that the MAE in a uniaxial system is caused by the
spin–orbit interaction xl  s, which is directly connected to the
anisotropy of the orbital moment, and for a more than half-ﬁlled d
shell. In a simple model, a relation between the orbital magnetic
Table 1
Orbital anisotropy and extracted MAE for Fe and Ni: spin–orbit interaction was
derived from simple perturbation theory by Bruno based on tight binding
approximation.
Sample DmorbðmBÞ DESO ðmev=unit cellÞ MAE (mev=unit cellÞ
L10-FeNi
Fe 0.028 160 142
Ni 0.005
Disorder FeNi
Fe 0.014 16 18.7
Ni 0.011
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DESO ¼
G
H
x
4 mB
Dmorb
where G and H are density-of-state integrals. G=H becomes 1 if
the exchange splitting is larger than band width. For 3d transition
metals, G=H is roughly estimated as about 0.2 or smaller. x is the
spin–orbit constant, and is of the order of 0.05 eV we used
[14,20,24]. This is small compared with the 3d band width and
therefore justiﬁes perturbative treatment. Wang et al. reported
additional terms related with the magnetic dipole term Tz [43].
van der Laan also argued an important notice that MAE is
proportional to orbital moment only when the majority band is
completely ﬁlled [44]. Since this equation is approximate case for
Fe and Ni, we adopted this proportional formula here. Thus, we
obtain DEFeSO¼67.9 meV=atom and DENiSO¼12.1 meV=atom for Fe
and Ni, respectively. The corresponding total DESO is about
160 meV per unit cell. The volume anisotropy was obtained as
Ku¼4.8104 J/m3 and the corresponding DESO¼142 meV per unit
cell by adopting the lattice constant of a¼3.64 A˚ and c¼3.59 A˚.
These values show good agreements and consequently, the large
MAE in L10-FeNi is ascribed to the anisotropy in the orbital
moments of Fe and Ni through the spin–orbit interaction. The
tight-binding approximation adequately describes the strong
MAE in L10-FeNi.
For disordered FeNi, orbital anisotropy is given as mFeorb ¼
0:014 mB and mNiorb ¼ 0:011 mB, resulting in a spin–orbit interac-
tion of DESO¼16 meV. The disordered FeNi shows a negative
Dmorb in the Ni moment, which is balanced out in the Fe, thus
resulting in the low Ku in the disordered FeNi phase. It also shows
good agreement with the volume anisotropy of 18:7 meV per unit
cell (Ku¼0.6105 J/m3).
Finally, we concluded that the large MAE in the L10-FeNi phase
can be directly ascribed to the spin–orbit interaction. We also
note that this result is consistent with theoretical calculation by
Miura et al. [45]. The Fe orbital moment shows strong angular
dependence with a maximum value at the [001] direction
corresponding to out-of-plane. The orbital anisotropy of Fe 3d
electrons mainly results in the large MAE via spin–orbit coupling.
Controlling the orbital magnetic moment at the interface will play
a key role in further improvements to MAE in L10-FeNi.Acknowledgments
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